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Abstract 
Oxyfuel combustion CO2 capture technology presents an excellent opportunity for achieving near zero emissions from the coal-
fired power plants. In the oxyfuel technology, the volume of flue gas is reduced by a factor of four to five (on a dry basis) due to 
elimination/reduction of nitrogen from combustion. This reduced volume of CO2-rich flue gas has to be compressed to 25 to 35 
bar (a) for purification, thus further reducing the actual volume of flue gas by a factor of 25 to 35. If the equipment for removing 
trace impurities (SOx, NOx and Hg) is installed downstream of the flue gas compressor, the capital investment could be 
significantly reduced compared to that for the air-fired operation. Furthermore, by processing the entire volume of flue gas in the 
CO2 purification unit, it is possible to remove and concentrate the trace impurities in the solid and liquid waste streams and to 
produce a vent stream with near zero emissions and a high purity CO2 relatively free of trace impurities. Praxair is developing an 
oxy-combustion flue gas purification technology that will leverage these synergies. This technology will reduce emissions of 
CO2, SOx and Hg by > 99% and NOx emissions by > 95% compared to an air-fired pulverized coal power plant. The benefits of 
the technology include management of air ingress problems, capital and operating cost savings for SOx and NOx removal, 
reduction in CO2 capture cost and production of high purity CO2 stream for sequestration. These benefits will translate to lower 
cost of electricity for power plants with CO2 capture. This paper presents the experimental data for the SOx/NOx removal and 
high CO2 recovery processes and the results of the commercial viability assessment.  
 
© 2010 Elsevier Ltd. All rights reserved 
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1. Technology 
Figure 1 shows the process schematics of the near zero emissions CO2 processing unit (CPU) [1 – 3]. The raw 
CO2-rich flue gas from the oxyfuel boiler is cooled by first indirect contact and then by direct contact with water in 
the flue gas cooler/condenser. A majority of water soluble impurities are expected to dissolve in the condensate. The 
cooled raw CO2 gas is then compressed to 25 to 35 bar (a) in a multi-stage centrifugal compressor that includes 
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intercoolers and knock-out drums. The condensate collected from the compression train will include additional 
water soluble impurities. A fraction of SOx and NOx contained in the flue gas will also drop out in the condensate. 
The compressed raw CO2 gas is then sent to the pretreatment section for the trace impurities and moisture removal. 
The dried raw CO2 gas is fed to the cold box for producing purified CO2. Within the cold box, atmospheric gases 
and carbon monoxide (CO) are separated from CO2 and removed in the cold box vent stream. About 10% of CO2 
fed to the cold box also remains in the cold box vent stream. The vent stream, which is obtained at 24 – 34 bar (a) is 
processed in the VPSA (vacuum pressure swing adsorption) unit for recovering additional CO2. The VPSA unit 
produces a CO2-rich stream at near atmospheric pressure while rejecting the CO2-depleted effluent at elevated 
pressure. The CO2-rich stream from the VPSA is recycled and mixed with the raw CO2 gas upstream of the raw CO2 
compressor. The effluent from the VPSA is heated and passed through a catox (catalytic oxidation) reactor to 
convert CO into CO2. The CO-depleted stream is expanded to recover power and then used as a regeneration gas in 
the pretreatment section. The vent stream from the CPU will contain mainly atmospheric gases, moisture and CO2 
and traces of CO, SOx and NOx. 
Figure 1. Schematics of the Near Zero Emissions CO2 Purification Technology 
The SOx/NOx removal and VPSA technologies are being developed in a project partly funded by the US 
Department of Energy (DOE). The duration for the project is 2009 – 2011. Overall scope of the project includes two 
experimental programs for two different contaminant (SOx/NOx/Hg) removal processes, one experimental program 
for VPSA and commercial viability assessment.  
One contaminant removal process shown in Figure 2 
is particularly suitable for flue gases containing high 
levels of SOx [2]. This process is a modified lead 
chamber process adapted for high pressure operation. It 
will produce saleable sulfuric acid and nitric acid as by-
products and eliminate/reduce the need for limestone 
purchase and gypsum disposal. As a result, for plants 
with an existing flue gas desulfurization (FGD) and 
selective catalytic reduction (SCR), significant operating 
cost savings will be realized. For new plants, it will also 
be possible to reduce the capital investment associated 
with FGD and SCR.  
 
Figure 2. Sulfuric Acid Process for SOx/NOx/Hg Removal 
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The warm compressed flue gas is heated further if needed and then contacted with the concentrated sulfuric acid 
to remove mercury as HgSO4. Mercury-depleted flue gas is fed to the NOx stripper, where warm inlet flue gas (> 50 
oC) contacts the warm acid to liberate dissolved NOx contained in the acid. Following the NOx stripper the flue gas 
containing an enriched level of NO2 proceeds to the SO2 reactor for conversion of >99% of the SO2 and production 
of sulfuric acid. In this reactor, the well known autocatalytic effect (of a historic lead chamber process) for gases 
containing both NOx and SOx is used to oxidize the SO2 in the flue gas to SO3 (Reaction 1), which is then combined 
with water to form sulfuric acid (Reaction 2). Here, NO2 acts as a catalyst because NO is continually reoxidized to 
re-form NO2 (Reaction 3). 
 SO2 + NO2  SO3 + NO (1) 
 SO3 + H2O  H2SO4 (2) 
 NO + ½ O2  NO2   (3) 
The flue gas leaving this reactor still contains high levels of NOx which is absorbed by sulfuric acid in the NOx 
absorber. It is advantageous to have NO:NO2 proportion of 1:1 in the absorber as the primary mechanism for NOx 
absorption is formation of nitrosyl sulfuric acid (Reaction 4). This step reduces the NOx leaving the process to less 
than 50ppm. The cleaned CO2 gas from the acid process will be free of moisture and therefore it is sent directly to 
the cold box. 
 NO + NO2 + 2H2SO4  2NOHSO4 + H2O  (4) 
The NOx containing acid from the NOx absorber is combined with the sulfuric acid produced in the SO2 reactor 
and recycled to the NOx stripper. The sulfuric acid from the NOx stripper is fed to a catalytic NOx stripping reactor, 
where an oxygen containing stream is supplied to oxidize NO to NO2 and to strip the remaining NOx out of the 
product acid. A portion of the liberated NO2 (equivalent to the NOx contained in the flue gas from the boiler) will be 
combined with water to produce HNO3; remaining NOX will be recycled to the flue gas for further processing. 
The second contaminant removal process shown in Figure 3 is suitable for flue gases containing lower amounts 
of SOx. It relies on direct oxidation of SOx and NOx catalyzed on activated carbon. This process will also result in 
lower capital investment compared to FGD or SCR. The compressed flue gas containing SOx, NOx and oxygen is 
cooled in an aftercooler to near ambient temperature and fed to a phase separator to knock out any condensed water. 
It is then passed over a bed of activated carbon. The SO2 and NO in the flue gas are oxidized according to Reactions 
(5) and (3), respectively. At least two beds are used such that one bed is on feed while the other is being regenerated. 
When the carbon bed is saturated with SOx and 
NOx, it is regenerated by washing the activated 
carbon bed with water, which reacts with the SO3 
and NO2 to form sulphuric and nitric acid 
respectively according to the Reactions (2) and 
(6). 
SO2 + ½O2  SO3  (5) 
3NO2 + H2O  2HNO3 + NO           (6) 
 
Figure 3. Activated Carbon Process for SOx/NOx/Hg Removal 
If needed, the carbon bed can be dried by passing regeneration gas over it. The raw CO2 gas depleted of SOx and 
NOx is dried in a drier unit and then passed through a carbon bed designed for mercury removal. The cleaned flue 
gas is then sent to the cold box for final purification. 
To enable very high CO2 recovery from flue gas purification using either of the contaminant removal processes, a 
hybrid process comprising of cold box and VPSA is used. The cold box, which is used in a conventional CO2 
purification process, achieves about 90% recovery. The residual CO2 contained in the vent stream from cold box is 
recovered using VPSA to achieve an overall CO2 recovery of > 99%. For plants with high amount of air ingress, the 
CO2 recovery using a conventional cold box process will be limited to 65 – 70%. The hybrid process provides a cost 
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effective solution for achieving > 95% CO2 recovery. For plants with lower air ingress (e.g. 3%), the overall CO2 
recovery of >99% becomes possible. 
 The VPSA unit will consist of a multi-bed system 
with one bed always on the feed while other beds are 
going through regeneration steps [4 – 6]. Figure 4 
schematic shows the various steps during a cycle. It is 
designed to ensure a continuous mode of operation for 
feed entering the VPSA unit and products withdrawn 
from it while operation of each bed is in a cyclic steady 
state. The use of multiple beds allows efficient use of 
pressure energy and achieves high CO2 recovery. The 
VPSA unit will adsorb CO2 while letting other gases 
pass through. The CO2-rich stream (>75% CO2) from the 
VPSA will be recovered at low pressure and will be sent 
to the front end of the purification process, where it will 
be mixed with the flue gas from the boiler. 
 
Figure 4. VPSA Process Cycle Steps 
2. Experimental System and Methodology 
2.1. Sulfuric Acid Process 
The process includes three main columns (NOx stripper, SO2 reactor and NOx absorber) which are essentially 
gas/liquid contactors as shown in Figure 2. The conditions inside each column differ in terms of process temperature 
and level of SOx/NOx impurities. Experiments are under way in a single bench scale gas/liquid contactor (packed L 
~ 1 ft, ID ~ 1.5 inch) to represent each of the three columns separately. Currently, the NOx solubility behaviour in 
sulphuric acid is being characterized to determine the operating conditions in the NOx absorber and the NOx 
stripper. The preheated synthetic flue gas and preheated metered liquid sulfuric acid were fed to the column in 
countercurrent manner. The contactor effluent gas and liquid were analyzed for compositions to determine NOx 
absorption rates. The data were collected at two pressures and at five different mixtures of NO and NO2.   
2.2. Activated Carbon Process 
An experimental set-up has been designed to prove the feasibility of the concept and test various activated carbon 
materials. The experimental rig consisted of a tubular fixed bed reactor that can accommodate about 100 grams of 
activated carbon. The simulated flue gas used for testing comprised of 4-6 % O2, 4-6 % N2, 2000-4000 ppm SO2, 
200-800 ppm NOx and CO2 as balance. The tests were conducted in three consecutive stages: adsorption (saturation 
of carbon bed with contaminants), regeneration, and drying. During the adsorption stage, a synthetic flue gas stream 
was passed over the activated carbon bed, and the reactor outlet gas composition was monitored continuously. The 
adsorption step was carried out till the contaminants breakthrough. The carbon bed was then regenerated by washing 
it with water. In the last stage the activated carbon bed was dried by passing a stream of nitrogen through the carbon 
bed. The tests were conducted using commercially available activated carbon materials with high capacity for SOx 
retention.  
2.3. VPSA 
A bench-scale experimental unit was built to test the VPSA process concept and obtain design data. A single 
column (L ~ 5 ft, ID ~ 0.7 inch) bench unit was operated in a cyclic manner carrying out each of the process steps. 
Six adsorbents (denoted as A, D, G, P, Q and S) were tested. The feed and repressurization gas mixtures were 
supplied from the premixed gas cylinders. The following process steps were carried out: 
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 Co-current feed flow from a premixed gas cylinder.  
 Depressurize the vessel to ~ ambient pressure.  
 Evacuate the vessel to a sub ambient pressure.  
 Go back to first step and repeat the experiment. 
 
Each experiment was carried out in a cyclic manner till the unit had reached cyclic steady state. Data was then 
collected and analyzed. Three adsorbents were selected for testing in a pilot unit comprising of 12 adsorber vessels, 
each with 11 ft length and 2.5 inch internal diameter. The testing of adsorbent P is underway. 
2.4. Technoeconomic Analysis 
The technoeconomic analysis was performed for retrofitting an existing subcritical plant with the oxyfuel 
technology for CO2 capture. Power plant performance and costs of retrofit in the boiler island were carried out by 
Foster Wheeler. Two different cases with low sulfur PRB (Powder River Basin) coal and high sulfur bituminous 
coal were analyzed. The design basis and performance details have been published by Seltzer et al. [7]. The cost and 
performance for the air separation unit and CO2 processing unit were estimated by Praxair. The CPU designs 
incorporating activated carbon process for PRB coal plant and sulfuric acid process for bituminous coal plant were 
evaluated. Both the designs included the VPSA unit. For comparison, conventional CPU designs that exclude the 
units (VPSA and SOx/NOx removal) for achieving near zero emissions were also assessed. The CO2 product was 
purified to > 96% (by vol.) and compressed to 2215 psia.  
3. Results and Discussion 
3.1. Sulfuric Acid Process 
The data shown below in Figure 5 was 
collected at 38oC for a fixed level of NOx (1600 
ppm) at two pressures. The plot shows the 
percentage of NOx absorbed into sulphuric acid 
as a function of NOx speciation (nitric oxide vs. 
nitrogen dioxide) in the absorber feed gas.  The 
NOx absorption increased as the system pressure 
was increased. The NOx absorption was best 
when NO:NO2 ratio was close to 1:1. At the 
higher experimental pressure NOx absorption 
actually reached a maximum when NO to NO2 
ratio was greater than 1. This could be due to in 
situ NO oxidation (Reaction 3) resulting in 1:1 
NO:NO2 ratio inside the absorber. 
Figure 5. Absorption of NOx Species in Sulfuric Acid 
3.2. Activated Carbon Process 
The tests with synthetic flue gas containing SOx only, NOx only and the mixtures of SOx and NOx at elevated 
pressures and ambient temperatures showed that activated carbon is able to remove SOx and NOx when fed 
individually or together. In absence of oxygen no SOx/NOx removal was observed. These results indicate that direct 
oxidation of SOx and NOx by Reactions (5) and (3) and adsorption of the oxidized species on activated carbon is 
responsible for SOx and NOx removal from flue gas. Investigation of various operating conditions showed that the 
process has better performance at ambient temperature (~20 oC) compared to temperatures above ambient. The 
presence of moisture had a beneficial effect on the retention of SOx indicating the possible role of Reaction (2). 
Higher operating pressure (220 psig vs. 50 psig) significantly improved the process performance, especially NOx 
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removal. Thus, ambient temperature and at elevated pressures results showed feasibility of simultaneous removal of 
SOx and NOx from flue gas at with the removal efficiency of > 99 % for SOx and > 96 % for NOx. 
3.3. VPSA 
Results from the bench-scale screening are summarized in Table 1. Preliminary screening showed that no single 
adsorbent is the best in all the categories. Three adsorbents D, P and Q have been chosen for testing in a larger 
multi-bed pilot unit based on the following considerations: 
 Adsorbent D: based upon adsorbent cost per unit of production is the best but it will have a lager vacuum pump. 
 Adsorbent G: is high in adsorbent cost per unit of production, will require a larger vessel and has low recovery.  
 Adsorbent P: has smallest vacuum train and all the other parameters are “reasonable”. 
 Adsorbent Q:  has maximum recovery and purity, somewhat higher on adsorbent cost per unit of production, but 
all the other parameters are “reasonable”. 
 Adsorbent S:  is highest in adsorbent cost per unit of production, will require a lager vacuum pump and 
somewhat larger vessel. 
 Adsorbent A:  The base adsorbent is middle of the road as compared with all the six adsorbents tested.  
 
Performance data from the pilot unit and economic evaluation will be used to select the “best” overall adsorbent. 
At present adsorbent P is being tested and preliminary VPSA CO2 recovery data indicates that overall CO2 recovery 
of 99% is achievable. 
Table 1: VPSA Process Data from the Bench Unit 
Adsorbent 
Relative CO2 
Recovery 
Relative CO2 
Purity 
Relative Total 
Product Weight 
Basis 
Relative Total 
Product Volume 
Basis 
Relative Vacuum 
Pump Size 
$ Adsorbent for 
unit Production 
 (Higher is better) (Higher is better) (Higher is better) (Higher is better) (Lower is better) (Lower is better) 
A (Base) 1.00 1.00 1.00 1.00 1.00 1.00 
D 1.07 1.01 1.06 1.20 1.20 0.34 
G 0.70 0.97 0.32 0.51 1.03 1.43 
P 1.07 1.03 0.66 1.02 0.97 1.09 
Q 1.05 1.04 0.65 1.14 1.07 1.16 
S 1.05 1.03 0.73 0.99 1.13 2.09 
3.4. Technoeconomic Analysis 
The power plant performance for low sulfur and high sulfur coal burning plants are summarized in Table 2. For 
both the processes, the efficiency penalty for ~99% CO2 capture is ~10 percentage points.  
Table 2. Power Plant Performance 
Coal PRB Bituminous 
SOx/NOx Removal Process Activated Carbon Sulfuric Acid 
 Air-Fired Oxy-Fired Air-Fired Oxy-Fired 
Gross, MW 461 467 460 465 
Power plant Auxiliaries, MW 43 40 44 40 
ASU + CPU, MW 0 126 0 120 
Net, MW 418 301 416 305 
Efficiency, %HHV 35.8 25.6 36.7 26.7 
 
Both the processes achieve near zero emissions with respect to all the pollutants and CO2 as shown in Table 3. 
The reductions in emissions are adjusted for the reduction in net output due to CO2 capture as shown below: 
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% reductions in emissions = [1 – (emissions/net output)oxy-fired/(emissions/net output)air-fired] x 100 
Table 3. Percent Reductions in Emissions per MW of Net Output 
Coal PRB Bituminous 
SOx/NOx 
Removal Process 
Activated 
Carbon Sulfuric Acid 
 % Reduction % Reduction 
CO2  99.0% 99.0% 
CO  >99.5% >99.5% 
SOx  > 99.9% >99.9% 
NOx 99.5% 98.8% 
NH3  100.0% 100.0% 
HCl >99.9% >99.9% 
PM >99.9% >99.9% 
VOC >99.9% >99.9% 
Hg >99.9% >99.9% 
 
Table 4 shows compositions of flue gases and product CO2 for two processes. Both the processes produce CO2 
with low concentration of trace impurities. These results are projected based on the test data for the activated carbon 
process and simulations for the sulfuric acid process. If desired, the cold box in CPU can be configured to produce > 
99.99 % purity with concentrations of atmospheric gases and CO at < 1 ppm each.  
Table 4.  Oxyfuel Flue Gas and CO2 Product Compositions for Two CPU Designs 
Coal PRB Bituminous 
SOx/NOx Removal Process Activated Carbon Sulfuric Acid 
Composition by volume Flue gas Product CO2 Flue gas Product CO2 
CO2 62.05 % 96.92 % 68.53 % 96.93 % 
N2 5.69 % 1.52 % 6.88 % 1.54 % 
O2 2.75 % 0.95% 3.31 % 0.91 % 
Ar 2.14 % 0.61 % 2.54 % 0.60 % 
H2O 27.28 % 1 ppm 18.25 % 1 ppm 
CO 280 ppm 83 ppm 284 ppm 71 ppm 
SOX 471 ppm 7 ppm 3884 ppm 68 ppm 
NOX 156 ppm 5 ppm 391 ppm 57 ppm 
HCl 18 ppm 0 ppm 402 ppm 0 ppm 
VOC 13 ppm <0.1 ppm 1.2 ppm <0.1 ppm 
Hg 10.1 ppb <0.1 ppb 1.0 ppb <0.1 ppb 
 
The results of technoeconomic analysis are shown in Table 5. The upper and lower bounds for the costs 
correspond to +20% and -20% from the mid-points of the capital costs. The VPSA in combination with activated 
carbon process reduces CO2 capture cost by $1/Ton CO2 while VPSA plus sulfuric acid process reduces the cost of 
CO2 capture by $2 - $3/Ton CO2. These cost reductions are possible while achieving superior environmental 
performance and higher purity CO2. The reduced costs are achieved because of higher CO2 capture rates and lower 
operating costs for SOx/NOx control. Since this study was for a retrofit scenario, no capital cost reductions for 
SOx/NOx control were assumed. For a greenfield plant, further reductions in the cost of electricity and CO2 capture 
costs would be achieved. 
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Table 5. Technoeconomic Results  
Coal PRB Bituminous 
Air or oxy firing Air Oxy Oxy Air Oxy Oxy 
CO2 purification NA Conventional Act. carbon + VPSA  Conventional Sulfuric acid + VPSA 
CO2 capture rate, % NA 94 99.3 NA 94 99.3 
Cost of electricity, $/MWh 68 – 84 136 – 173 139 – 178 67 – 85 133 – 172 135 – 174 
Cost of CO2 capture, $/Ton NA 57 – 75 56 – 74 NA 60 – 81 58 – 78 
4. Conclusions 
The NOx absorption data for the sulfuric acid process indicates that > 90% NOx removal is feasible. The 
experimental results for the activated carbon process shows that it is possible to simultaneously remove > 99% SOx 
and > 96% NOx from the compressed flue gas. For the VPSA process, commercially available adosrbents have been 
screened and three promising materials have been selected for pilot testing. The power plant performance 
assessment shows that excellent environmental performance with near zero emissions can be achieved while 
producing high purity CO2. The cost of CO2 capture in a retrofit scenario is projected to be reduced by $1 - $3/Ton 
CO2.  
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